| INTRODUCTION
A strong association between more siblings and lower risk of allergic sensitization has been demonstrated. 1 While multiple pathways have been proposed, 2,3 a clear biological explanation for this association has not been established. One of the key mechanisms under investigation is microbial load, specifically endotoxin levels, which has been associated with the presence of infants and small children. 4 Importantly, having small children in the home was more strongly associated with higher endotoxin levels than the number of people living in the home. 5 Animal studies have shown that the primary trigger for Th1 maturity is exposure to endotoxin and that lack of such stimuli biased immunity towards a Th2 response. 6 Continuous exposure to endotoxin in early life may polarize the immune system to favour a Th1-response, thereby reducing the risk of allergic diseases in later life.
Endotoxin is a major component of the outer membrane of
Gram-negative bacteria and is recognized by the CD14 receptor.
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CD14 receptor is a potent activator of Th1 cytokine activity in particular IL-1 and TNF-α 8 and in turn has an inhibitory action on Th2 cytokine activity. The CD14-rs2569190 SNP T-allele has been associated with higher transcriptional activity of the CD14 gene 9 and hence a higher secretion of serum CD14. 10 Despite having an effect on serum CD14 levels, studies on its relationship with allergic sensitization have been inconclusive. Some studies found no evidence of an association [11] [12] [13] [14] [15] while others reported a reduced 16 or increased risk of sensitization. 10, 17 These discrepancies may be due to differences in the levels of endotoxin exposure between the different studies.
In our recent systematic review, we found that children with the CD14-rs2569190 CC-genotype had consistently lower serum IgE levels or fewer positive skin prick tests, only if they were exposed to high levels of endotoxin in early childhood. 18 This was supported by an in vitro study showing that cells with the CD14-rs2569190
CC-genotype had lower IgE production following endotoxin stimulation when compared to cells with the CD14-rs2569190 TT-genotype. 19 Our review found evidence of consistent gene-environment interactions in studies that measured outcome and exposure in childhood but not those studies that measured them in adulthood. This suggests that the timing of exposure and outcome is important in studies of gene-environment interactions and that a critical window of exposure for optimal protective effect may exist. Exploration of this time window requires longitudinal studies with extensive data collected on both exposure and outcome from childhood into adulthood.
We utilized data from two cohort studies with long-term follow-up from childhood to adulthood to explore gene-environment interactions in relation to allergic sensitization. We aimed to examine the association between CD14 polymorphisms on allergic sensitization from early life into middle age and if this association is modified by early-life sibling exposure acting as a proxy for microbial exposure.
| METHODS

| Study population
This study included two prospective cohorts which have been described in detail elsewhere and briefly below. 
| Melbourne atopic cohort study
Melbourne atopic cohort study (MACS) is a high-risk birth cohort that started by recruiting pregnant women living in Melbourne, Australia, from 1990 to 1994. 20 Infants were eligible if they had at least one first-degree family member with a history of allergic diseases, that is eczema, asthma, allergic rhinitis or severe food allergy. At baseline, the details were collected for each of the family members and home environment exposures. Multiple follow-up surveys were performed from birth to age 18 years. At the 18-year follow-up, 423
probands completed a health survey and provided a blood sample or returned a buccal swab. This analysis is based on those who have successful genotyping (n = 400). 
| Ethics
| Definition of sibling exposure
In TAHS, sibling data including the date of birth were collected at baseline. In MACS, sibling data were collected at baseline and at the 18-year follow-ups. In both TAHS and MACS, exposure to siblings was explored in several ways including the number of older, younger, and total number of siblings. As the date of birth of each sibling was available, we calculated a measure of cumulative exposure to siblings (Figure 1 ). The birth date of the proband and each sibling was used to calculate the number of days of sibling contact, that is the cumulative number of days the proband had spent before a specific age with all siblings of any age in the same home. We examined cumulative sibling exposure before the ages of 6 months, 2, and 4 years. The tally for each sibling of the proband was summed and converted to cumulative years of exposure before 6 months, 2, and 4 years of age. These cut-off ages were selected based on studies that have suggested stronger intra-household effects and possible immunomodulation that occurs at these ages.
22,23
| Genotyping
Genotyping in both cohorts was conducted in the same manner by the same laboratory under the supervision of J.H. DNA samples were isolated from whole blood sample. Genotyping was performed for the following CD14 SNPs: rs2569190, rs5744455. Genotyping was performed using Taq-Man allelic discrimination 5′nuclease assays (Applied Biosystems, Foster City, CA, USA) with assay-specific primers and allele-specific probes according to the manufacturer's protocol. Fluorescence was measured by a ABI 7900 Fast Real-Time PCR System (Perkin-Elmer, Waltham, MA, USA).
| Statistical analysis
All analyses were performed using STATA 13.1 (StataCorp LP, College Station, TX). The distributions of CD14 SNPs were compared between sensitized and non-sensitized participants. The minor allele frequency of CD14 polymorphisms was calculated and deviation from Hardy-Weinberg equilibrium was tested using Pearson's chisquare test. Four genetic models (codominant, dominant, recessive, and additive) were used to examine the association between CD14
SNPs and sensitization at age 45 years in TAHS and at age 18 years
The calculation of exposure to siblings by 6 months, 2 years and 4 years. The total number of days of contact was calculated using the date of birth of each sibling when the probands were aged 6 months, 2 and 4 years. The total number of days was converted into number of years. Using the figure above as example, assume the proband was born on 1st Jan 1961, sibling 3 was born on 1st July 1962 and sibling 4 was born on 1st April 1964. At 6 months old, the proband was exposure to 1 year of exposure to siblings [(0.5 years × sibling 1) + (0.5 years × sibling 2)]. At age 2 years, the proband was exposed to 4. in MACS. An unadjusted logistic regression was used to examine these associations.
We then used logistic regression to examine the association between the exposures (older, younger, number of siblings, and cumulative sibling exposure by 6 months, 2 and 4 years) and allergic sensitization. This association was examined at age 45 years in TAHS and at ages 6 and 12 months, 2, 12, and 18 years in MACS. To obtain an overall longitudinal estimate of the effect of the exposures on allergic sensitization in MACS, we used multilevel mixed-effects logistic regression. Only those with outcomes measured at two time-points or more were included in the longitudinal analyses. These models were adjusted for the following confounders at baseline: sex, parental history of allergy, childhood atopy, and socio-economic status in TAHS and sex, parental education, and maternal age at birth in MACS. The definitions for each potential confounder in this analysis are described in the Supplementary material.
As the underlying genetic model for the CD14 SNPs is unknown, an additive genetic model was used to examine the gene-environment interaction for sensitization in this study. 24 To test if CD14 polymorphisms modified the association between sibling exposure and sensitization, we compared models with and without interaction terms using a likelihood ratio test. The interaction term odds ratio from the TAHS and the longitudinal findings from MACS were then combined using a random-effect meta-analysis to determine the evidence of an interaction. I 2 statistic was used to assess heterogeneity in the meta-analysis. Where there was evidence of interaction, associations in each genetic sub-group strata were assessed in the TAHS and MACS and then combined using a random-effect meta-analysis.
| RESULTS
| Characteristics of participants
The prevalence of maternal and/or paternal family history of allergy was higher in MACS than in TAHS (Table 1 ). There was a higher prevalence of parental smoking in TAHS and 55.6% of participants were sensitized to at least one of the allergens tested. In MACS, the prevalence of sensitization at age 6 months was 26.4%, at 12 months 33.3%, at 2 years 39.1%, at 12 years 54.6%, and at 18 years it was 69.7%. The overall prevalence of sensitization at any follow-up in MACS was 77% (Table 1 , Figure E2 ). Parental allergic diseases: In TAHS, the data were collected at baseline when the probands were 7 y old. In MACS, the data were collected prior to birth of the proband. Parental smoking: In TAHS, parental smoking history was collected when the proband was 7 y old. In MACS, parental smoking history was collected in the first 4 wks of birth of the proband.
T A B L E 1 Characteristics of participants included in genetic study of TAHS and MACS
Characteristics TAHS (N = 1199) MACS (N = 400)
c Socio-economic status was derived from the Socio-Economic Indexes for Areas (SIEFA) 46 using their school postcode in TAHS and home postcodes in MACS. A higher index score represents a higher socio-economic status.
| CD14 polymorphisms and sensitization
The genotype minor allele frequency and the association between CD14 SNPs and sensitization are shown 
| Siblings and sensitization
The associations between any siblings, older and younger siblings and sensitization for both the TAHS and the MACS are reported in the supplementary material. In the TAHS, we found a significantly reduced risk of allergic sensitization with increasing years of sibling exposure before 6 months of age (Table 3; In MACS, we found that sibling exposure before 6 months was associated with a reduced but not quite statistically significant risk of sensitization at 2 years (OR = 0.55, 95% CI 0.29-1.01).
When using the longitudinal model, we saw a trend towards a reduced risk of sensitization for those with cumulative sibling exposure before 6 months and 4 years, but it did not reach statistical significance.
| Interaction between CD14 polymorphisms and siblings
We found no evidence of an interaction between the two CD14
SNPs and other measures of siblings (older, younger or total number of siblings) for sensitization in TAHS and the longitudinal analysis in MACS (data not shown).
| Interaction between cumulative exposures to sibling before 6 months
We tested for an interaction across the two cohorts by performing a meta-analysis of the interaction odds ratio from the two studies. We found a significant interaction between sibling exposure before 6 months of age and the rs5744455 SNP for sensitization (interaction P = 0.001). Across the two cohorts in carriers of the rs5744455 C-allele, there is a 23% reduction in the risk of sensitization with increasing years of cumulative sibling exposure (pooled interaction OR = 0.77, 95% CI 0.58-1.02, I 2 = 0%, Figure 2A ). The odds of sensitization with increasing cumulative sibling exposure were 20.9%
smaller in those with the C-allele than the T-allele (OR = 0.83 vs 1.05, Table 4 ).
For the rs2569190 SNP, we found no evidence of an interaction (interaction OR = 1.03, 95% CI 0.80-1.32, P-interaction = 0.60, Figure 2B ).
T A B L E 2
The genotype distribution of CD14 SNPs and the associations with allergic sensitization at age 45 y in TAHS and age 18 y in MACS 
SNP
| Interaction between cumulative exposures to sibling before 2 and 4 years
We also examined if there was an interaction between the CD14 SNPs and cumulative exposure to sibling before 2 and 4 years of age ( Figure S2 and S3) . For the rs5744455 SNP, we found evidence of an interaction with cumulative sibling exposure before 2 years (interaction OR = 0.94, 95% CI 0.87-1.01, I 2 = 0%, Figure S2 
| DISCUSSION
This is the first study to explore gene-environment interactions utilizing a measure of cumulative sibling exposure that takes into account the timing and extent of exposure. We have utilized two prospective cohort studies with long-term follow-up and sufficiently detailed information on siblings to enable us to calculate cumulative exposure. Our study has confirmed across two independent cohorts that cumulative sibling exposure in early life is associated with a decreased risk of allergic sensitization, and this reduced risk persists well into middle age. More importantly, we have strengthened the evidence of an interaction between CD14 genotype and sibling exposure for sensitization through meta-analysing the interaction odds ratio across the two cohorts.
We found that the CD14-rs5744455 SNP modified the association between cumulative sibling exposure by age 6 months, 2 and 4 years and allergic sensitization. We observed that carriers of the CD14-rs5744455 C-allele had a reduced risk of sensitization when exposed to increasing years of sibling exposure. Consistent with our result, Bottema et al 13 found that children exposed to dogs in early life had lower total serum IgE levels, hence lower risk of allergy, if they were carriers of the CD14-rs5744455 CC-genotype compared to carriers of the TTgenotype. In contrast, another study found that the rs5744455 T-allele was associated with an increased risk of sensitization in adult farming students. However, they did not find that being exposed to a farm environment in childhood modified the association between rs5744455 and sensitization. 25 The lack of interaction with childhood exposure to farming in their study may be due to a stronger effect of current adult farming exposure on current sensitization risk. Also the study was underpowered to detect an interaction (n = 188) and this may also explain the difference with our findings.
When combining the findings from the two cohorts, we were able to demonstrate a reduced magnitude of the effect of interaction between rs5744455 SNP and cumulative sibling exposure as the age cut-point increased (interaction OR = 0.77 vs OR = 0.94 vs OR = 0.96 at ages 6 months, 2 years, and 4 years, respectively). This has not been reported in past gene-environment interaction studies and our findings support the previously proposed hypothesis of the existence of a "window period of programming." 26 Experimental studies in mice have also
shown that early-life exposure to microbes differentially affects IgE levels compared to exposure to microbes in later life. 27 Our findings suggest that the first 6 months of life may be the most critical period in providing a long-term protection against allergic sensitization.
We found no evidence of an interaction between the CD14-rs2569190 SNP and cumulative sibling exposure and sensitization in our pooled analysis. Our study is the only gene-environment study to examine the association between sibling exposure and CD14 SNPs but other studies have explored other environmental exposures. These studies found evidence of gene-environment interaction in children and have shown that for carriers of the rs2569190-CC genotype, exposure to high endotoxin levels was associated with a reduced risk of allergic sensitization compared to low exposure. 11, 14, 28 Unlike our study, all the three studies were in children with outcomes measured between the ages of 1 and 13 years. In adult studies, one found results similar to the children's studies of lower serum IgE levels in individuals with the rs2569190 CC-genotype when exposed to increasing endotoxin levels in the bedroom. 29 In contrast, another study in individuals of African descent found lower total IgE levels in carriers of the rs2569190 TT-genotype when exposed to low endotoxin levels. 30 In our study, cumulative sibling exposure may be capturing a broader exposure than just endotoxin and this may explain our different findings compared to previous studies. Furthermore, we have examined the effect of the interaction over a longer period (up to middle age) than the previously mentioned studies and the findings were consistently demonstrated across the two cohorts with no heterogeneity.
The CD14 receptor is an important regulator of the immune response to environmental stimuli specifically endotoxin. The CD14
receptor forms a complex with endotoxin to up-regulate interleukin-12 that stimulates macrophages resulting in release of Th1-type cytokines. 7 CD14′s critical role in stimulating the release of Th1-cytokines causes the down-regulation of the Th2 response in T lymphocytes resulting in less sensitization. 7 Inhalation of high levels of endotoxin has been shown to increase the expression of CD14 receptors on the surface of dendritic cells in the sputum 31 and increased serum CD14 levels in the blood. 32 Children who had consumed unpasteurized farm milk were shown to have higher CD14 expression at age 1 year. 33 These studies provided clear evidence that environmental exposure to endotoxin significantly influences the expression of the CD14 receptor.
Apart from the influence of environmental exposure, there is evidence from functional studies that genetic variation within the CD14 gene itself can also influence expression of the CD14 receptors. Several cross-sectional studies have found that carriers of the rs2569190-TT genotype had increased expression of CD14 on the cell membrane 34 and higher levels of serum CD14 in healthy individuals. 10, 35, 36 For the rs5744455 SNP, the CC-genotype was shown to have higher sCD14 levels at birth, 2 years, and 10 years in a prospective study in children. 37 The higher expression of sCD14 suggests that these individuals would have enhanced responsiveness to environmental microbial exposure leading to an elevated Th-1 response away from Th2-immunity, 38 supporting our finding of a reduced risk of sensitization in the C-allele with exposure to siblings.
The strengths of our study are the longitudinal nature with detailed and repeated prospective data collection in both TAHS and MACS. The use of two well-characterized cohorts with detailed information has allowed pooled analyses to be conducted, demonstrating the robustness of this association. Additionally, the availability of sibling date of birth to calculate cumulative sibling exposure in our study is relatively unique as this method has been applied in only a few other studies. 22, 39, 40 Unfortunately, we did not have sCD14 measurement which might have provided a clearer understanding of the relationship between CD14 genetic variations, environmental exposure, and sensitization. One other limitation could be lack of standardization of extracts used for SPTs with varying potency between different manufacturer. 41 SPT reactivity is also known to vary with age. 42 In MACS, the brands used varied over time but at the most recent follow-up of both studies we used Hollister-Stier allergens and further studies using alternative brands would be necessary to confirm our findings. We also did not have serum IgE TAHS and MACS have had good response rates over their respective follow-up period. 20, 21 Despite the attrition in both studies there has been minimal evidence of this being selective attrition that may influence the result presented in the current analysis; however, we are unable to fully exclude this type of bias. Nonetheless, we could demonstrate an overall pattern of an interaction between sibling exposure and CD14 SNPs for sensitization using this method. More importantly, we strengthened the evidence of an interaction through combining the interaction term odds ratio from two cohorts, which is only done by only a few studies so far. 44, 45 In conclusion, our study found that exposure to siblings in early life modified the association between CD14-rs5744455 SNP and allergic sensitization from early life into middle age, but not with the CD14-rs2569190 SNP. Our study is the first to show a gene-environment interaction with cumulative sibling exposure that considered both the timing and dose of sibling exposure which is a unique way to explore exposure to siblings. Our results extended the findings of previously published studies of gene-environment interaction between the CD14 SNPs and microbial exposure for allergic sensitization.
